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Abstract/Résumé

In order to study the acclimatization process over 14 days of exposure to tropical climate, 9
triathletes performed 4 outdoor indirect continuous multistage tests in both thermoneutral
and tropical conditions. The thermoneutral test (TN, 14 °C, 45% rh) was performed before
traveling to the tropical area (Martinique, FWI). The tropical tests were performed 2, 8,
and 14 days after arrival (32.9 °C, 78% rh). During each trial, we measured tympanic
temperature, sweat rate, body mass loss, heart rate (HR), and performance. The results
showed that 1) the mean tympanic temperature was greater in T2 (P < .001), T8 (P < .01)
and T14 (P < .01) than in TN and significantly lower in T14 than in T2 (P < .05); 2) the
mean sweat rate was significantly greater (P < .001) in T2, T8 and T14 than in TN and
significantly greater (P < .05) in T8 and T14 than in T2; 3) the body mass loss after trials
was significantly greater (P < .001) in T2, T8 and T14 than in TN and significantly greater
(P < .05) in T8 and T14 than in T2; 4) the mean HR and HR at rest were significantly higher
(P < .005) in T2 than in TN, T8, T14 and the mean HR was significantly lower (P < .05) in
T14 than in the other trials; and 5) the performance time was significantly lower in T2 (P <
0.02), T8 (P < 0.03) and T14 (P < 0.05) than in TN. We concluded that 14 days of exposure
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to tropical climate led to changes in physiological parameters but were still insufficient to
ensure complete acclimatization in well-trained athletes. The hot/wet climate induced im-
pairment of physiological responses and performance that were still evident on the 14th day.

Afin de déterminer les processus d’acclimatation obtenus après 14 jours d’exposition en
climat tropical, 9 triathlètes ont effectué quatre tests de terrain, indirect et continu en ambi-
ance thermique neutre et en climat tropical. Les sujets ont réalisé le test en conditions de
neutralité thermique (TN, 14 °C, 45% hr) avant leur voyage en milieu tropical (Martinique,
Antilles françaises). Les tests en conditions tropicales ont été réalisés 2, 8 et 14 jours après
leur arrivée (32.9 °C, 78% hr). Au cours de chaque épreuve, nous avons relevé la température
tympanique, le débit sudoral, la perte de masse corporelle, la fréquence cardiaque et la
performance. Les résultats ont montré que 1) la température tymapnique moyenne était
supérieure lors de T2 (P < .001), T8 (P < .01) et T14 (P < .01) par rapport à TN, et
significativement inférieure à T14 qu’à T2 (P < .05) ; 2) le débit sudoral moyen était
significativement plus élevé (P < .01) au cours de T2, T8 et T14 comparé à TN et
significativement supérieur (P < .05) lors de T14 et T8 comparé à T2 ; 3) la perte de masse
corporelle après l’exercice était significativement supérieure (P < .001) lors de T2, T8 et
T14 comparée à TN et significativement plus importante à T8 et T14 qu’à T2 (P < .05) ; 4)
la fréquence cardiaque moyenne et celle de repos était plus élevée (P < .005) à T2 qu’à TN,
T8, T14 et la fréqunce cardiaque moyenne était significativement plus basse (P < .05) à T14
qu’au cours des autres épreuves ; 5) le temps de performance était diminué lors de T2 (P <
.02), T8 (P < .03) et T14 (P < .05) comparé à TN. Nous en avons conclu que 14 jours
d’exposition au climat tropical ont donné lieu à des adaptations physiologiques qui restent
insuffisantes pour une acclimatation complète chez des athlètes bien entraînés. Le climat
chaud et humide lors de l’exercice altère les réponses physiologiques et la performance,
altérations qui subsistent après 14 jours d’acclimatation.

Introduction

The detrimental effect of high environmental temperature on aerobic performance
has been well documented (Galloway and Maughan, 1997; Morris et al., 1998)
and it is well known that exercise-heat acclimatization involves a complex set of
adaptations that serve to reduce physiological strain and improve ability to exer-
cise in a hot environment (Armstrong and Maresh, 1991). However, although con-
siderable information has been gathered on the physiological adaptation to hot/dry
climates, information on acclimation to hot/wet climates is still limited (Shapiro et
al., 1998). Earlier studies, cited by Pandolf (1998), have demonstrated that nearly
complete heat acclimation for both hot/dry and hot/humid environments occurs
after 7 to 10 days of exposure. In agreement with these earlier studies, Nielsen
(1998) showed that physiological adaptations were similar in humid and dry heat
when subjects exercised daily for 8-12 consecutive days. Furthermore, 66% to
75% of the physiological adjustments were seen in 4 to 6 days (Pandolf et al., 1988;
Sawka et al., 1996), and it has been suggested that high levels of aerobic capacity
aid the individual to acclimatize (Pandolf et al., 1988). The current recommenda-
tion is that competitive athletes expected to participate in an event involving heat
stress should acclimatize/train in the heat for at least 5 days beforehand to help
maximize performance (Pandolf, 1998).
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The above results are in contrast to a few recent studies specifically compar-
ing the effects of acclimation in a hot/dry climate to those created by a vapor
barrier suit (NBC suit) that creates a hot/wet microclimate regardless of the ambi-
ent conditions (Shapiro et al., 1998). The results showed that under the same exer-
cise intensity, the strain was higher (rectal temperature and heart rate were higher
by about 1 °C and 30 bpm, respectively) when subjects were tested with the suit. A
similar study obtained the same results even after 10 days of acclimation, thus
clearly demonstrating the difference between hot/dry and hot/wet acclimation con-
ditions (Aoyagi et al., 1994). The data to date on hot-wet conditions indicate that
the high required evaporative cooling exceeds the evaporative capacity of the en-
vironment (Shapiro et al., 1998), thereby inducing an irreversible decrease in per-
formance (Nielsen, 1996). Unfortunately, these data have only been gathered in
laboratory (Aoyagi et al., 1994; Cheung and MacLellan, 1998a, 1998b) or they
have been extrapolated (Nielsen, 1996). Despite the fact that these conditions are
found naturally in a tropical climate, studies exploring the physiological responses
elicited by a hot/wet climate during outdoor testing are very few.

The aim of the present study was thus to investigate whether 14 days of
acclimatization to hot/wet conditions (tropical climate) would be sufficient for
elite triathletes to achieve the same level of performance as in thermoneutral con-
ditions.

Material and Method

SUBJECTS

Nine young elite triathletes (8 males, 1 female) voluntarily participated in this
investigation. All were members of the French national athletic training center in
Montpellier, France. They were in the competitive period at the time of the study
(mean training volume: 16.4 ± 1.4 h · wk–1). Anthropometric and physiological
data are reported in Table 1. All subjects were informed of the purpose of the study
and gave written consent in accordance with the regional ethics committee before
participating.

Table 1 Anthropometric and Physiological Data of the Subjects (N = 9)

V
·
O

2max

Age BM Height BFM (ml · kg–1 HR
max

HR
A

HR
AN

MAV
(yrs) (kg) (cm) (%)  · min–1) (bpm) (bpm) (bpm) (km · h–1)

22.7 70.0 178.3 10.3 63.5 184 152 170 20.7
1.0 3.0 2.9 0.3 1.6 3 3 3 0.4

Values are mean + SEM. BM, body mass; BFM, body fat mass; V·O
2max

, maximal aerobic
power;

 
HR

max
, maximal heart rate noted at V·O

2max
; HR

A
, heart rate at aerobic threshold; HR

AN
,

heart rate at anaerobic threshold; MAV, maximal aerobic velocity measured at V
·
O

2max
 during

laboratory test.
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TESTING PROTOCOL

Each subject performed a 5-trial protocol that took place over 5 consecutive weeks.
The tests were conducted at the same time of day (10:30 am) and there were at
least 6 days between trials. All subjects were familiarized with treadmill running
prior to testing. For the 2 days before trials in thermoneutral conditions and during
their stay in the tropical climate, subjects were asked to follow a normal diet in
order to avoid CHO depletion during the trials. Although the subjects followed a
daily training program in tropical climate, they were also asked to avoid intense
physical activity during the 24 h before each trial. Anthropometric and physiologi-
cal parameters (Table 1) were measured during a pre-test which was an incremen-
tal running test performed in laboratory in thermoneutral conditions (20 °C, 40%
rh). Trial 1 (TN) was an outdoor incremental running test performed in thermoneutral
conditions (TN: 14 °C, 45% rh); trial 2 (T2), trial 3 (T8) and trial 4 (T14), were
also outdoor incremental running tests performed in tropical climate, respectively
2 days, 8 days and 14 days after arrival. The average T

db
 was 32.9 °C [31–35.7 °C]

and the average rh, 78% [75–82% rh].

LABORATORY TEST

The incremental treadmill (Gymrol 1800, Gymrol, Roche La Molière, France) test
began at 7 km.h-1 for one minute at 0% grade. The speed was then increased by 1
km · h–1 every minute up to a maximum speed of 18 km · h–1. The speed was then
held constant and the grade was increased by 1% every minute until the subject
reached exhaustion. The triathlete’s peak treadmill velocity was considered to be
the highest graded speed he or she maintained for 60 s, using the formula of Margaria
et al. (1963).

Peak treadmill speed = Speed + (%-1.5)/1.5

where Speed is the maximal velocity attained by the subject in km · h–1, % is the
grade attained at Speed and 1.5 is the grade at which a rise of 1.5% corresponds to
a rise of 1 km · h–1.

When a subject was unable to complete a full 60 s at required speed, peak
treadmill running speed was determined as a fraction of the final graded speed
added to the velocity of the immediately preceding complete graded speed.

The outdoor incremental test was an indirect continuous running multistage
test called the Université de Montréal track test (Léger and Boucher, 1980). Sub-
jects ran along markers placed every 20 m on a 400-m track and were paced by a
audible cue. The interval between cues decreased gradually (every minute) and
subjects had to increase their speed (0.5 km · h–1 · min–1) to keep pace with the cue.
Subjects wore a tee-shirt and shorts during the outdoor tests in tropical conditions.

During these tests, heart rate (HR) was monitored with a heart rate monitor
(Polar Accurex Plus, Polar Electro, Kempele, Finland) with recording every 5 s.

Tympanic temperature (T
tym

, °C) was recorded before exercise, immediately
at the end of exercise and at the 10th min, 20th min and 30th min of recovery in the
ear using a thermometer (Thermoscan Braun, Thermoscan, Inc, San Diego, CA,
USA) that measures infrared temperature generated by the eardrum. Since the tym-
panum shares a common blood supply with the hypothalamus, T

tym 
has been pro-
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posed as a surrogate measure of hypothalamic temperature. In fact, Bricknell (1997)
demonstrated in an evaluation of infrared thermometry for thermal physiology
research that the slope of the regression line between tympanic temperature and
core temperature measurements was 0.9967 with a correlation coefficient of 0.706.
It has been demonstrated to be accurate enough to evaluate temperature changes
during fields trials (Bricknell 1997). In the present study, the T

tym 
was measured by

the same investigator.
Sweat rate (SR

f
, mL · min–1 · cm+ ·–1) was measured in the following man-

ner: sweat was collected from the forehead, which had first been washed with
distilled water and dried. The quantity was measured using absorbent paper of 50
cm+, which was sealed in hermetic plastic bags before and after exercise (Pilardeau,
1995). Changes in paper weight were measured with a scale of very high sensitiv-
ity (± 1.10-4 g) (Scaltec SBA 31, Scaltec Instruments GmBH, Rudolph-
Diesel-Strasse, Heiligenstadt, Germany). The sweat rate noted on the forehead
was calculated as follows: SR

f
 = (d[bf-af]/t)*60, where d[bf-af] is the difference in

absorbent paper weight before and after exercise, t is the time the absorbent paper
stayed on the forehead, and 60 is the number of seconds in one minute. Mean
sweat rate (SRm, L · h–1) was estimated by adjusting the SRf for the skin surface
area covered by the absorbent paper multiplied by the body surface area estimated
from the equation of Dubois and Dubois (1916).

Body mass loss (kg) was measured on a scale by changes in nude body mass
(+ 1.10–1 kg) (Planax Automatic, Teraillon, Chatou, France). The subjects were
weighed in the same conditions before and after exercise.

STATISTICAL ANALYSIS

The results are expressed as means + SEM. Data for performance, sweat rate,
body mass loss, temperature and heart rate were compared using a two-way analy-
sis of variance (ANOVA) with repeated measures (situation, time). When signifi-
cant results were obtained, post-hoc comparisons were made using the contrast
method. Statistical significance was accepted at the P < .05 level.

Results

TYMPANIC TEMPERATURE

The mean temperature was greater in T2 (P < .001), T8 (P < .01) and T14 (P < .01)
than in TN (Table 2). The mean Ttym was significantly lower (P > .05) in T14 than
in T2. There was no significant difference in the temperature at rest (Figure 1);
however, the temperature at the end of exercise and during recovery was greater in
T2 (P < .001), T8 (P < .01) and T14 (P < .01). The temperature at the 20th min of
recovery was greater in T2 than in TN, T8 and T14 (P < .01). Also, we noted no
difference in Ttym between T14 and TN at the end of exercise; temperature at T14
was significantly greater than in TN only during recovery (P < .01).

SWEAT RATE

Both the mean sweat rate (Table 2) and the sweat rate at the end of exercise (Figure
2) were significantly greater (P > 0.001) in T2, T8 and T14 than in TN. Moreover,
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Table 2 Physical, Physiological and Performance Values Noted in
Thermoneutral Conditions (TN) and Two Days (T2), Eight Days (T8) and
Fourteen Days (T14) After Arrival in Hot/Humid Climate

T
tym

SR
mean

BM loss HR
mean

MAV
(°C) L · h–1 (kg) (bpm) (km · h–1)

TN 37 ± 0.5 0 ± 0 0.18 ± 0.05 134± 11 19.02± 0.41
T2 37.8± 0.3* 1.2 ± 0.1* 0.41 ± 0.06* 153 ± 8* 18.02 ± 0.62*
T8 37.7± 0.4* 2.64 ± 0.1*$ 0.9 ± 0.09*$ 136± 13 18.58± 0.54*
T14 37.4± 0.4*$ 1.86± 0.1*$ 0.7 ± 0.08*$ 128± 12** 18.74 ± 0.59*

Values are means ± SEM. *Indicates significant difference from TN values (P < .05), $
indicates significant difference from T2 values (P < .05), **indicates significant difference
from TN, T2 and T8 values (P < .05).
T

tym
, tympanic temperature; SR

mean
, mean sweat rate noted at the end of exercise expressed

in l · h–1; BM, body mass; HR
mean

, mean heart rate; MAV, maximal aerobic velocity.

Figure 1. Tympanic temperature noted at rest, at the end of exercise and during recov-
ery (at the 10th, 20th, and 30th min recovery; R10, R20, R30, respectively). *Indicates
significant difference from TN values, $ indicates significant difference from T2 values
(p < .05).
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these were both significantly greater in T8 (P < 0.03) and T14 (P < 0.05) than in
T2.

BODY MASS LOSS

The body mass loss after trials was significantly greater in T2 (0.41 ± 0.06 kg), T8
(0.9 ± 0.09 kg), and T14 (0.7 ± 0.08 kg) than in TN (0.18 ± 0.05 kg) (P < .001).
Furthermore, body mass loss was significantly increased in T8 (P < .03) and T14
(P < .05) than in T2. The body mass losses are in concordance with the estimated
mean sweat rate. There was no significant difference in body mass loss before
exercise over the entire study period. The data are shown in Table 2.

HEART RATE

The mean HR (Table 2) was significantly greater in T2 than in TN (P < .001), T8
(P < .005) and T14 (P < .005). The HR at rest and during exercise (Figure 3) was
significantly higher in T2 than in TN, T8 and T14 before the HR

AN
 (P < .005). The

mean HR was significantly lower (P < .05) in T14 than in TN, T2 and T8. At rest
and up to the HR

A
, the HR was equal in T8 and TN; however, from the HR

A
 to

HR
max

, the HR was significantly greater in T8 than in TN. Under the HR
A
, the HR

was significantly lower (P < .05) in T14 than in TN (Figure 3).

PERFORMANCE

The performance was significantly lower in T2 (18.02 ± 0.62 km · h–1; P < .02), T8
(18.58 ± 0.54 km · h–1; P < .03) and T14 (18.74 ± 0.59 km · h–1; P < .05) than in TN
(19.02 ± 0.41 km · h–1) (Table 2).

Figure 2. Sweat rate noted at rest, at the end of exercise and during recovery. *Indicates
significant difference from TN values (P < .05).
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Discussion

The main finding of this study was that 14 days of exposure to a hot/wet climate
were insufficient to ensure complete acclimatization in elite triathletes. After 14
days, the physiological responses (i.e., temperature, sweat rate, body mass loss
and heart rate) and performance level were significantly impaired when compared
with the values reached in thermoneutral conditions during a maximal aerobic
test. This provides new information on the physiological demand imposed by ex-
ercise under hot/wet conditions.

In a recent review, Manfredini et al. (1998) suggested that the alterations
induced by westward flights are very few. Nevertheless, in the present study, which
included a 6-h westward flight, we know that jet lag symptoms contributed to the
physiological alterations noted the day after arrival in the hot/humid climate. In-
deed, Atkinson and Reilly (1996) reported that most components of sports perfor-
mance exhibit a rhythmic variation during the day. These jet lag adjustments, how-
ever, may have been minimized by the fact that the triathletes usually trained in the
morning (8–11 am) and the early evening (4–7 pm) in thermoneutral conditions.
They performed the study tests at 10:30 am in the tropical climate, which corre-
sponded to 4:30 pm in thermoneutral conditions (France). Although by the 8th and
the 14th day it is likely that any jet lag symptoms had disappeared, as the main re-
training shift rate after a westward flight has been demonstrated to be about 92
min · day–1 (Aschof et al., 1975), we should assume that slight persisting symp-
toms could not have had a physiological effect at the 8th and the 14th day.

Two days after arrival, the performance was significantly lower (1 km · h–1

lower, a 5% decrease) than that noted in thermoneutral conditions. The HR was
significantly greater in T2 than in TN, T8 and T14, and sweat rate and body mass
loss in T2 were significantly lower than in T8 and T14. This performance de-
crease, which was accompanied by a mean HR increase (17 bpm, 12.5% increase),
greater mean temperature and mean sweat rate, reflected the high stress imposed

Figure 3. Heart rate noted during the trials.
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by the combined tropical climate and jet lag. Concomitantly with the lower sweat
rate, we noted a significantly greater mean temperature in T2 compared with other
trials, indicating that the acclimatization process had not yet started since a drop in
the sweating threshold is the primary change caused by acclimation (Shapiro et
al., 1998). We may thus suppose that hyperthermia, which might have also been
related to jet lag, was the primary factor that limited performance in T2. Indeed,
dehydration and hyperthermia have separately been demonstrated to impair per-
formance (Maughan, 1998).

At the 8th day of acclimatization, performance was significantly lower
(0.44km · h–1, a 2.3% decrease) than that noted in thermoneutral conditions. This
performance was accompanied by higher mean temperature and mean sweat rate
and greater body mass loss after versus before exercise. However, we noted that
HR was the same as in TN and that mean HR was significantly greater than in T14.
These findings suggest that heat acclimatization was underway but not finished at
the 8th day. Moreover, the significantly greater HR observed in T8 than in
thermoneutral conditions from HR

A
 to HR

max
 strongly suggests that the stress induced

by tropical conditions was not entirely overcome at maximal intensity in T8.
At the 14th day of acclimatization, performance was significantly lower (0.38

km · h–1, a 2% decrease) than that noted in thermoneutral conditions. This perfor-
mance decrease was accompanied by a significantly lower mean HR compared
with the other trials, a mean sweat rate and body mass loss significantly greater
than in T2, and a mean temperature lower than in T2. Although performance was
still impaired in T14 in comparison with TN, we noted no significant difference at
the end of exercise in temperature between T14 and TN and, concomitantly, HR
was significantly lower before HR

A
 in T14 than in TN. These results suggest that

another stage reached in the acclimatization process induced a better thermoregu-
latory and cardiovascular efficiency. This may be explained by the fact that for the
same external work, following acclimation, heart rate becomes more efficient
(Horowitz, 1996).

The temperature and sweat rate during recovery, however, were greater in
T14 than in T2, demonstrating that the heat strain induced by tropical conditions
was not entirely overcome after 14 days of acclimatization.

The results of this study are surprising in light of earlier research. Nielsen
(1998) compared different acclimation procedures (60–90 min of exercise at 50–
60% V·O

2max 
in dry heat versus 45–51 min at 40–50 % V·O

2max
 in humid heat) and

found that the physiological adaptations were similar and that acclimation was
achieved in dry or humid heat after 8-12 consecutive days. Another study demon-
strated that nearly complete exercise heat-acclimation for hot/dry environment
occurs after 7 days of exposure and that acclimation is faster in well-trained sub-
jects (Pandolf et al., 1977), this last characteristic being the case of the subjects in
the present study. Moreover, continuous daily 100-min exercise has been reported
to facilitate the heat acclimation process (Lind and Bass, 1963) and the triathletes
in the present study performed 120 min of exercise (approximately 50 min run-
ning and 70 min swimming at 60–80 % V·O

2max
) every day.

As noted by Shapiro et al. (1998), however, the problem of exposure to hot/
wet climates lies in the fact that the high required evaporative cooling (E

req
) ex-

ceeds the evaporative capacity of the environment (E
max

). Thus, in situations where
E

max
 is limited, adherence to the strategy used under hot/dry climate (i.e., reducing



560 • Voltaire, Galy, Costes, et al.

heat storage by increasing the sweating rate) creates a physiological disadvantage
(Shapiro et al., 1998) that results in severe dehydration. The only way to achieve a
match between heat gain and heat dissipation during outdoor exercise is by reduc-
ing the metabolic heat production, thus the intensity. Many studies have shown
that following acclimation, there is at least a 5 % reduction in metabolic heat pro-
duction (Sawka et al., 1983). This hypothesis could explain the better thermoregu-
latory control observed at T8 and T14.

The results of the present study are in accord with a recent study that re-
ported that acclimation was not completely achieved after 10 daily exposures to
humid heat with a NBC suit (Shapiro et al., 1998). Aoyagi et al. (1994) also dem-
onstrated that people who are exposed to hot/wet climate will benefit very little
from hot/dry acclimation. We may therefore assume that in the present study, high
sweat rate and body mass loss impaired performance more than hyperthermia on
the 8th and 14th days. The mean sweat rate at the end of exercise in T8 and T14
was, respectively, 2.7 and 1.9 L · h–1, significantly greater than in T2 (1.2 L · h–1)
and similar to that noted by Booth et al. (1998) during a 30-min treadmill test
performed as fast as possible. This high sweat rate certainly induced severe dehy-
dration, which would in part explain the lower performance noted in T8 and T14 in
comparison with TN. Indeed, it is well known that one of the classical adjustments
in the acclimation process is an increase in sweat rate (Pandolf, 1998; Roberts et
al., 1977).

Recently, Nielsen (1996) theoretically calculated the influence of hot/wet
conditions on performance in the 1996 Olympics in Atlanta. She demonstrated
that a runner who could complete a marathon in 2 h 20 min in cool conditions
would not be able to run faster than 3 h 20 min under these thermoregulatory
constraints. While the effect on performance in the present study was less than
these theoretical calculations suggest, the results demonstrated a real reduction in
capacity when exercise is performed under hot/wet conditions, even during short
intense exercise performed by young well-trained triathletes after 14 days of accli-
matization. Furthermore, Galloway and Maughan (1997) showed that thermoregu-
latory stress was increased with both time and intensity. Questions then arise as to
whether a longer acclimatization period would have overcome the physiological
strain induced by tropical climate in the present study and, more generally, whether
complete acclimation at exercise is possible under hot/wet conditions. It has been
demonstrated that competitive athletes expected to participate in an event involv-
ing heat stress should acclimate/train in the heat for at least 5 days before partici-
pation to help maximize their performance (Pandolf, 1998). But our results strongly
suggest that more days of acclimatization are certainly needed to permit athletes to
perform as well as in thermoneutral conditions.

In summary, the present study demonstrates that 14 days under hot/wet con-
ditions are insufficient to acclimatize well-trained athletes. The hot/wet climate
impaired performance and physiological parameters, certainly in relation with both
hyperthermia and dehydration, and this impairment was still evident after 14 days.
Nevertheless, signs of adaptation to the heat were evident on the 14th day and
performance of a maximal aerobic test on this day tended to be closer to that noted
in thermoneutral conditions. Based on these results, we suggest that competitive
athletes planning to participate in an aerobic event involving hot/wet stress should
acclimatize for a longer period than that currently recommended.
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